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Abstract—We present results from a series of tracer dye
experiments where ocean plume concentration is measured using
unmanned surface vessels. The goal of the study is to characterize
the fine-scale spatiotemporal plume structure which is used for
developing and evaluating autonomous robotic sampling strate-
gies. We present a description of the qualitative characteristics of
experimentally generated marine plumes namely intermittency,
sinuous structure, and the time varying near-source concentration
profile. We also present a data reduction process and a set of
summary statistics to describe the fine-scale plume structure
as evidenced by the time series measurements. These summary
statistics provide a comparison benchmark for the development
of future plume simulation models that capture the fine-scale
plume structure.
Index Terms—Marine plumes, pollution monitoring, environ-
mental monitoring.
I. INTRODUCTION
Environmental monitoring using autonomous vehicles has
received increased attention in recent years. Dunbabin and
Marques provide a thorough overview of the state of the art in
ocean, terrestrial and aerial domains [1]. A particular area of
interest within this field is the use of robotic technologies for
monitoring chemicals introduced in a fluid media; Ishida et
al. provide a review in [2]. Dunbabin and Marques classify
the approaches by three search algorithm types: estimated
gradient, biologically inspired or stochastic search [1]. A
number of these studies have included a laboratory experi-
ment as a proof-of-concept or to evaluate performance. As
noted by Ishida, these laboratory experiments are significantly
simplified environments relative to real-life applications [3].
The analogous problem in the marine domain has been
termed the chemical plume tracing problem [4]. Two main
approaches are prevalent: methods (often heuristic or behavior-
based) for guiding a mobile agent to the source location,
or techniques (often probabilistic) for generating environment
maps which include the source location (or likelihood of
source location) at a distance. An example of the former
approach is to derive algorithms based on biological solutions
such as lobsters [5], [6] and blue crabs [7]. Mapping based
approach has been the subject of [8] and [9]. Another im-
portant aspect being studied is autonomous monitoring of the
plume boundary which is the topic of various studies [10]–
[13]. Realistic plume models that capture the spatiotemporal
development of marine plumes are important to enable these
studies.
A number of field experiments have been conducted to study
plume characteristics in near-shore environments including
sandy beaches [14]–[16], coral reefs [17] and surf zones [18],
[19]. Such environmental studies provide empirical observa-
tions of the meandering and spreading of scalar quantities
with comparisons to hydrodynamic models. The ultimate goal
is of improving our understanding of the physical dynamics
responsible for the fate and transport of nutrients, pollutants
and nonmotile biological elements [16]. To accomplish this,
researchers make detailed measurements of the hydrodynamic
context, typically consisting of one or more moored current
profilers, periodic Conductivity Temperature and Depth (CTD)
casts to infer ocean stratification and wind velocity. For the
studies cited here the tracer dye is introduced as a near-bed,
diffuse plume source with neutral buoyancy. Transects of the
plume concentration are observed using mobile sensors, either
aboard an AUV [15]–[17], aboard a jet ski [18] or towed from
the surface [14]. Taken together these studies illustrate the
capability of current theory to predict the aggregate plume
behavior.
Environmental models that capture instantaneous plume
structures are central to both design and verification of en-
vironmental monitoring strategies. There is existing literature
characterizing the instantaneous behavior of plumes in aerial
domain [20]. However, ocean domain lacks experimental
studies to characterize the instantaneous, fine scale plume
structure. The focus of existing work has been the study of
time averaged development of plumes, evidenced by the series
of studies [14]–[17].
This paper is an effort to fill the gap between aggregate
plume studies and the fine-scale plume structure. We charac-
terize fine-scale structure of the plume to be as perceived by
a mobile platform when sampled at frequencies approaching
10 Hz. We provide a quantification of the fine scale plume
characteristics, which offers a basis for development and com-
parison of ocean plume dispersion models. The methodology
adopted to achieve this goal is to first generate dye plumes
in the ocean, and then survey these plumes using Unmanned
Surface Vessels (USVs) equipped with sensors to measure the
dye concentration. The measured dye concentration time series
are logged and stored. The collected time series are then ana-
lyzed for statistical parameters that quantify the instantaneous
characteristics of the ocean plumes.
The rest of the paper is organized as follows. Section II
presents the details of the robot platform used in these exper-
iments. Section III presents the setup of different components
needed to conduct these studies. This is followed by Section IV
which details the experiments conducted and the data gathered
during these experiments. Section VI then presents an analysis
of the data collected, followed by the conclusions drawn from
this paper and future work in Section VI.
II. UNMANNED SURFACE VESSELS
This section presents the details of the robotic platform,
namely Unmanned Surface Vessels (USVs), used to conduct
these experiments. The USVs used in these experiments were
developed in-house. These are dual hull catamaran type vessel
with starboard and port actuation provided by two electrical
motors powered by onboard 1.5 kWhr Lithium-ion batteries.
The USV is 2 m long and 1.5 m wide and weighs approxi-
mately 150 lbs. It is capable of cruising at a nominal velocity
of 1 m/s and a maximum velocity of 2 m/s. The batteries give
the vessel endurance of 12 hrs at low speeds and approximately
4 hrs at survey speeds. The vessel has a PC/104 onboard
computer with integrated Diamond System Helios 16-bit ana-
log to digital convert. Localization is achieved with a GPS-
aided inertial navigation system. A FreeWave radio is used for
communication. Two identical USVs were developed and used
for these experiments. The two USVs were designated Alpha
and Beta. Alpha was marked with red strips, and Beta with
yellow strips for easy identification.
Turner Designs Cyclops 7 fluorometers were used for dye
concentration measurement [21]. The USV can be equipped
with a maximum of four sensors. Prior to the experiments each
fluorometer was calibrated in the laboratory using a series of
solutions prepared with a known Rhodamine concentration.
The calibration procedure developed a relationship between
the analog output voltage and the estimated concentration
in parts-per-billion (ppb) for each sensor. Each fluorometer
generates an analog signal which was sampled by the USV
onboard computer with a resolution of 16-bits and a sampling
rate of 10 Hz. These and other key components of the USV
are labeled in Fig. 1.
Next we discuss the field experiment site and the system
setup required to conduct these experiments.
III. FIELD EXPERIMENTS SITE AND SETUP
This section presents the salient features of the experiment
site where this study was conducted and the site setup required
to perform these experiments.
A. Experiment Site
The experiments were carried out at the Makai Research
Pier in Oahu, Hawaii. The experiment site is bounded by a pier,
a breakwater and the coastline on three sides with the fourth











Fig. 1: Unmanned Surface Vessel (USV) used in the experi-
ments. The dye plume around the vessel can also be seen.
shielded from the influence of direct ocean waves. However, it
was diverse enough to capture most environmental conditions
that typically affect the development of a plume. The ocean
floor around the pier is flat and sandy with an average depth
of about 4 m [22]. The aerial view of the testing site is shown
in Fig. 2.
Fig. 2: Field Experiment Site at Makai Research Pier Oahu,
Hawaii. The ellipse marks the general area where the source
was placed during different experiments. The rectangle marks
the testing arena used during the experiments.
B. Site Setup
The setup used at the site for the experiments consists of
three components.
• The plume generation component consists of the setup
required to generate the Rhodamine dye plume and
perform ocean current measurements. It consists of an
inflatable raft that carries a portable generator to power
a metering pump onboard the raft. The metering pump
was used to release the dye in the ocean at a fixed
rate. An Acoustic Doppler Current Profiler (ADCP) is
also installed to measure the ocean current. The ADCP
is wirelessly connected to a laptop that records and
broadcasts the ADCP data.
• The shore station is used to deploy and recover the USVs.
Monitoring and control computers are also setup here.
A portable weather station is installed to monitor the
environmental conditions during the tests. It also serves
as the communications hub of the different components
involved in the experiments. The shore station is also
used for maintenance on the USVs and for storing them
overnight.
• The two USVs designated Alpha and Beta are the third
major component of the experiments.
The different components connect to each other using hybrid
FreeWave and WiFi communication links. The USVs com-
municate to the shore station using a FreeWave link. The
ADCP is connected to the laptop on the inflatable raft using a
wireless serial link. The laptop in turn communicates with the
shore station using WiFi. The monitoring and control laptops
were also connected to this WiFi network. The FreeWave
communications network is interfaced to the WiFi network
using dedicated interface hardware. Using this interconnected
network, the different components of the experiment commu-
nicate with each other for realtime monitoring and control
during the experiments.
Next, we present the method used to generate the dye
plumes, and review the data logging strategy used to record
the data.
IV. PLUME SURVEY EXPERIMENTS AND RESULTS
In this section, we present the methods used to generate
the plumes and the methods used to survey these plumes.
Rhodamine dye was used as a surrogate for chemical pollution.
For each experiment a source location was determined based
on the prevailing advection direction at the time. The source
location was chosen to maximize the spatial extent of the
plume while minimizing interaction with the pier structure
and coastline. A 20 % dye solution was introduced using the
metering pump placed on the floating raft. The solution is
mixed using ocean water to make it neutrally buoyant. The
solution is dozed into the ocean using a small diameter hose
mounted 0.1 m below the waterline. Due to the very low
flow rate, the solution has negligible momentum when it is
released into the seawater. For all experiments the pump was
set to a fixed flow rate of 5 ml/min. Each plume experiment
is conducted for sufficient time for the plume to develop and
reach a steady-state, resulting in a typical duration of 60 min
for each test.
These plumes are surveyed using the USVs equipped with
fluorometer sensors. The sensors are installed 0.1 m below
the waterline which is consistent with the dye release depth.
Average winds of 5-15 mph are observed in the northeasterly
direction which were consistent with the trade winds. The
environmental data is gathered using the portable weather
station installed on the shore station. The resulting plumes
are observed to spread in the longitudinal direction at speeds
between 0.03-0.1 m/s. Vertical spreading of the plumes is
not measured. The concentration measured by the sensors is




which are detailed below.
A. Near-Source Survey
The near-source surveys are conducted by mooring the USV
close to the plume generating raft. The pump is then turned on
to generate the plume and the concentration measurements are
taken using the fluorometers onboard the USV. The distance
between the plume source and the fluorometer is measured to
be 0.2 m. The resulting time series is shown in Fig. 3.
Fig. 3: Source concentration time series measured 0.2 m from
the source.
B. Static Surveys
The static surveys are conducted by mooring the USV inside
the plume at a fixed location. The experiments conducted are
summarized in Table I. In each case the plumes are allowed
(a) T=7.6 min (b) T=22.8 min
Fig. 4: Plume concentration map visualization for experiment
P2. At the top of each image is a visualization of the USV
positions and the perceived plume in rviz. Bottom half shows
the video captured, synchronized with rviz visualization.
to evolve and establish to a steady-state. Once the direction of
advection is clear, a USV is positioned within the plume at a
fixed distance from the source and moored in place to record
the concentration time series at the fixed location. This process
of data collection is illustrated in Fig. 4. The bottom half of
each illustration shows a snapshot of video recorded during the
experiments. The inflatable raft can be seen in the top right
corner of the bottom half. The USV is placed inside the plume
once it is sufficiently developed. The USV can also be seen
near the center of the lower half of Fig. 4b. The top half of
each figure shows a visualization of the plume measurements
logged by the USV illustrated in Robot Operating System
(ROS) visualization utility rviz.
The time series data for the four experiments listed in
Table I are sampled with two fluorometer sensors installed
on the USV. The recorded concentration time series are then
windowed to extract a continuous record where the USV is
within the plume. The resulting subset of the record contains
concentration data and the USV position. To estimate the
distance from the source to the observation location, the mean
USV location is determined over the length of the experiment.
The resulting distances from source estimate, along with the
root-mean-square distance metric ( d) are reported in Table I.
The GPS-aided inertial navigation system reported a position
uncertainty in the north and east directions below 0.25 m (one-
sigma) during the four trials. This sensor uncertainty is small
compared to the physical movement quantified by  d. The
significant magnitude of  d is a consequence of the challenge
of keeping the source and sensor locations truly fixed in a
dynamic coastal environment.
In the next section, we present the analysis of the data
gathered during these experiments and the conclusions we can
draw based on this analysis.
TABLE I: Description of discrete plume experiments. “Dist.”
is the mean distance from the source to the measurement
location. The root-mean-square distance error about the obser-
vation location is  d . “Dur.” is the duration of the experiment.











P0 6.74 2.3 6.69 8/18/2015 12:14 10.2
ENE
Alpha
P1 22.5 1.5 15.3 8/18/2015 13:44 4.5 N Alpha
P2 34.9 3.9 25.9 5/14/2015 14:16 5.8
NNE
Beta
P3 51.3 1.1 13.7 8/18/2015 14:06 2.9 N Alpha
V. DATA ANALYSIS
In this section, we present the analysis of the data that
was collected during the experiments that are detailed in
the previous sections, and draw conclusions about fine-scale
plume characteristics.
Fig. 5: Sinuous and patchy behavior of the plume can be
clearly seen.
A. Qualitative Characteristics
The qualitative characteristics exhibited by plumes gen-
erated in ocean environments include intermittency, sinuous
structure and a time varying source concentration profile,
which are explained in this section.
1) Intermittency: Our experiments showed that the plume
generated experimentally is intermittent. Intuitively, at the
macro level, intermittency can be seen as patches of relatively
higher concentration, separated by patches of lower, near zero
concentration. This patchy behavior in the plume can be identi-
fied visually as shown in Fig. 5. At the fine-scale, intermittency
is a plume characteristic which is marked by cycles of high
and low concentration in the plume. This behavior can be
seen in Fig. 6, which shows the concentration time series
plot of the four static surveys P0-P3. The figure shows bursts
of high concentration whose duration is designated by tp.
These high concentration bursts are separated by bursts of
low concentration below a certain threshold, whose duration





where card() denotes the cardinality/size of the set and ⌧ is
minimum threshold for the plume concentration.
2) Sinuous Structure: The plume generation experiments
showed that the overall plume structure is sinuous. This
means that the plume follows a meandering path rather than
a straight line. Each section of this meandering path indicates
the direction of the flow field during the development of that
section. This sinuous behavior can be clearly seen in Fig. 5.
3) Near-Source Concentration Profile: The near-source
concentration profile shown in Fig. 3 is constantly varying,
even though the flow rate at the pump is kept constant. This is
attributed to the complex intermixing of the released dye with
the ocean flow and can be considered as one of the sources
contributing to the intermittent plume behavior.

























(a) Time series measured 6.7 m away from the source.























(b) Time series 15.3 m away from the source.


























(c) Time series 25.9 m away from the source.

























(d) Time series 51.3 m away from the source.
Fig. 6: Time series records for the four plume experiments where two fluorometers were used for each experiment. The
plumes are denotes as P0-P3 based on increasing distance from the source and the two sensor are denoted as S0 and S1.
TABLE II: Statistical characteristics of the four plume experiments sampled statically using two fluorometer sensors for each
experiment. The experiment are designated by PN, where N=0-3 for the four distinct experiments. The sensor are denoted by
SM where M=0-1 for the two sensors used in each experiment. The results are arranged in increasing order of distance from
left to right.
P0:S0 P0:S1 P1:S0 P1:S1 P2:S0 P2:S1 P3:S0 P3:S1
Dist. To Source [m] 6.74 6.74 22.5 22.5 34.9 34.9 51.3 51.3
Duration [min] 6.69 6.69 15.3 15.3 25.9 25.9 13.7 13.7
Mean: c̄ [ppb] 2.1 2.9 8.4 14.1 10.0 8.8 14.4 15.4
Std:  c [ppb] 2.7 4.0 5.6 7.23 7.1 5.9 3.9 4.4
CV:  c/c̄ 1.3 1.4 0.66 0.51 0.71 0.67 0.27 0.28
PMR 6.1 8.3 3.0 2.7 2.9 3.1 1.6 1.6
B. Statistical Parameters Analysis
The concentration time series collected during the experi-
ments P0-P3 were analyzed to quantify the fine-scale varia-
tions and characteristics in the plume. The analyzed parameters
can be subdivided into two categories.
• Variation Scalars:
– sample mean concentration (c̄)
– sample standard deviation of the concentration ( c)
– coefficient of variation (CV)
– peak-to-mean ratio (PMR)
• Temporal/Spatial Distributions:
– burst rise and burst return length distributions
– intermittency ( )
The variation scalars are summarized in Table II and tem-
poral/spatial distributions are summarized in Table III.
1) Variation Scalars: The mean concentration c̄ is calcu-
lated from the entire time series, resulting in a scalar with
units of concentration for each experiment and each sensor.
The mean concentration increases with increasing distance
from the plume source, a counter intuitive result. While the
measurements show an increase in mean concentration with in-
creasing distance from the source, this should not be construed
as suggesting that the for a single plume the time-averaged
concentration increases. There are a number of reasons for this
difference. The results in Table II are from four independent
experiments, not from a single experiment with four sensor
locations. The estimated aggregate surface advection (û in
Table I) varies between these events. Furthermore, near the
source, the width of the plume is smaller than the width of
the plume further away from the source. Because the plume
varies laterally (meandering) and the vessel position is affected
by the environment (see root-mean-square distance ( d) in
Table I), measurements that fall outside the plume will lower
the calculated mean.
The standard deviation, coefficient of variation and peak-to-
mean ratio quantify the variation in each concentration time
series. These metrics appear to be fairly consistent with a
slight decreasing trend as distance to the source increases.
An important caveat to this observation is that each of
these records is taken when the fluorometer is within the
plume; therefore, the records do not capture the dynamics
associated with transitioning in and out of the meandering
plume. Possibly the most important conclusion is from the CV
metric comparison. The values of CV are within an order of
magnitude for all the results, suggesting that we might reliably
expect the fine-scale variation, as quantified by the CV, to be
within the range of 0.25 to 2.5. The value of CV also shows a
decreasing trend as we move away from the source, suggesting
a decrease in the variation within the plume.
TABLE III: Burst length distribution for concentration time
series collected during experiments P0-P3.
P0 P1 P2 P3
Dist. To
Source [m] 6.74 22.5 34.9 51.3
Intermittency
⌧=1 ppb 0.48 0.074 0.11 0.002
Burst
Length
⌧low 2.0 2.0 2.0 8.0
Mean [s] 75.7 93.4 11.4 84.4
Max [s] 95.9 222 319 418
⌧high 8.0 20.0 20.0 20.0
Mean [s] 6.8 8.1 2.1 20.1
Max [s] 10.9 33.9 27.8 47.5
Burst
Return
⌧low 2.0 2.0 2.0 8.0
Mean [s] 20.4 5.4 2.8 5.9
Max [s] 62.4 17.7 143 22.4
⌧high 8.0 20.0 20.0 20.0
Mean [s] 27.3 29.9 21.6 13.9
Max [s] 81.8 206 357 60.6
2) Temporal/Spatial Distributions: Comparing intermit-
tency metrics from different experiments is challenging be-
cause the choice of the threshold ⌧ is somewhat arbitrary
and the resulting value is sensitive to the numerical value
of this choice [23], [24]. To provide a more general metric
of observed plume structure, we present the intermittency in
Fig. 7, as a function of the threshold value. The figure illus-
trates that the intermittency decreases with increased distance
from the plume source. This is consistent with the trend of
decreasing PMR and CV with increasing distance from the
source. For completeness we also provide a set particular
values with the threshold of ⌧ = 1.0 ppb in Table III. This
threshold is chosen based on the specified accuracy of the
fluorometer. Intermittency is clearly an important aspect of
the observed plume structure and neglecting this aspect of the
structure would provide an incomplete characterization of the
chemical distribution within the plume. It should also be noted
that the intermittency we report decreases with distance from
the plume source.
Fig. 7: Intermittency of the concentration time series as a
function of the concentration threshold.
Fig. 8: Illustration of burst detection at 2 ppb concentration
threshold. Each burst rise length (tpi) is shaded green and each
burst return length (tgi) is shaded red.
The burst length tp and burst return tg are temporal metrics
to quantify the fine-scale turbulent plume structure. The burst
length (tp) is the amount of time the signal is continuously
above a threshold. Conversely, the burst return (tg) is the
amount of time the signal is continuously below that same
threshold. This concept is illustrated in Fig. 8. The distribution
of the burst length and burst return values captures an impor-
tant aspect of the plume structure, complementing the scalar
statistics presented earlier. The mean and maximum values for
each plume experiment (P0-P3) are reported as the average of
the mean and maximum for the two senors (S0 and S1) for
each experiment. Again, as was the case with intermittency,
the burst durations are sensitive to the threshold chosen for the
data analysis as highlighted by the different threshold values
for the same time series, resulting in different burst length.
The important point to highlight here is that both tp and tg
are of the order of 10 s of seconds to 100 s of seconds.
VI. CONCLUSION AND FUTURE WORK
In this paper, we present the results from a series of
experimental studies to characterize the fine scale structure
of the plume. The plume is sampled using a USV platform
at a frequency of 10 Hz. This frequency is typical of the
sampling frequencies used in robotics studies, and is required
for efficient execution of control algorithms. The four tracer
dye experiments, illustrated as time series records, show
qualitatively consistent behavior, namely, high variability on
multiple scales, local gradients uncorrelated with the time
averaged gradients, and strong intermittency. The statistical
parameters we report, along with the distribution of the raw
concentration time series data, are a means of constraining
the behavior of heuristic environmental models capable of
predicting, in a statistical sense, the real-time dynamics of an
ocean pollution plume.
Accurate and computationally efficient simulations of ocean
pollution are critical to the continued development of new
techniques for autonomous environmental monitoring. Without
such simulations, each iteration of the design cycle requires a
costly and time-consuming evaluation via experiments. Overly
simple simulations lead to solutions that are not suited to
crossing the reality gap [25], while a complete simulation of
a turbulent diffusion on ocean scales is computationally in-
tractable. To address this challenge, the filament-based model
has been adopted in a number of robotics research projects.
However, the significantly slower varying characteristics war-
rant the development of a different model which may be able
to capture these characteristics effectively for a marine plume.
The development of such a simulation environment is part of
our future work.
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